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The present study deals with the effect of interfacial slip on the deformation and emulsion 
rheology of a dilute suspension of droplets in a linear flow. The droplets are laden with 
surfactants that are bulk-insoluble and get transported only along the interface. An asymptotic 
approach is adopted for the present analysis in order to tackle the nonlinearity present due to 
deformation of droplets. The analysis is carried out under two different limiting scenarios 
namely: surface diffusion-dominated-surfactant transport and surface convection-dominated 
surfactant transport. For either of the limiting cases we look into the droplet dynamics for two 
commonly encountered bulk flows - uniaxial extensional and simple shear flow. Under the 
assumption of negligible fluid inertia in either phase, it is shown that slip at the droplet interface 
significantly affects the surfactant-induced Marangoni stress and hence droplet deformation and 
emulsion rheology. Presence of interfacial slip not only brings about a decrease in the droplet 
deformation but also reduces the effective viscosity of the emulsion. The fall in both droplet 
deformation and effective viscosity is found to be more severe for the limiting case of surface 
convection-dominated surfactant transport. For the case of an imposed simple shear flow, the 
normal stress differences generated due to droplet deformation are affected as well due to the 
presence of interfacial slip.  
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I. INTRODUCTION 
 The study of droplet dynamics, among other fields, has been a keen area of interest due to 
its wide application in not only conventional industrial processes but also in various microfluidic 
applications involving the generation, transport and deformation of droplets through different 
microfluidic devices that is required for drug delivery processes as well as cell encapsulation, 
analytic detection, mixing of reagents etc. 1–4 Intermixing of two different phases is quite 
common in various emulsifications and blending processes, such as fiber spinning, blow 
molding, biaxial stretching or thermo-forming, where one of the phases is suspended in the form 
of droplets. On application of external forces to the emulsions, the droplets deform, the study of 
which bears significant importance in the field of rheology of various emulsions 5–8. It has been 
proven that properties of emulsions are dependent on the concentration as well as on the 
morphology of the dispersed phase 8,9. For instance, shape deformations of droplets in shear flow 
can generate first and second normal stress differences that give rise to rheological behavior of 
emulsions similar to polymeric fluids 9,10. Hence an understanding of the emulsion rheology and 
the deformation of suspended droplets serves as an important prerequisite to the design and 
manipulation of various emulsification processes in industries. 
 Since the classical study done by Taylor 11, several analyses have been performed on the 
droplet hydrodynamics in linear flows. Out of these, a significant number took into account the 
effect of surfactants or contaminants on droplet deformation as well as on emulsion rheology 12–
14. For example, Stone and Leal 13, used a small deformation asymptotic theory to analyze the 
role played by bulk-insoluble surfactants on droplet deformation in the limiting case of diffusion-
dominated surfactant transport. They also verified their theoretical results numerically. Further, 
Milliken et al. 15 numerically investigated the deformation and breakup of a surfactant-laden 
droplet in a uniaxial extensional flow field. Several experimental studies have provided evidence 
regarding the existence of a relationship between droplet deformation and local surfactant 
concentration 13,15–20. A large number of numerical studies also have been carried out to analyze 
the droplet transient deformations as well as break-up due to the presence of surfactants along 
the droplet surface 13,16,21–23. 
 Although most of the studies undertaken till date describe the fluid-fluid interface in a 
multiphase system by the presence of surface tension and curvature, recent experiments on 
different polymers report the presence of an apparent slip along the interfaces 24–26. The origin of 
this slip is due to a decrease in the viscosity at the interface 27. From a microscopic point of view, 
the fluid-fluid interface acts as a diffuse region where a partial mixing of either of the phases 
takes place due to which the degree of entanglement severely decreases as compared to that in 
the bulk 27,28. Different molecular dynamics simulations and experiments have provided evidence 
of augmentation in slip along the interface between two non-Newtonian fluids with the use of 
hydrophobic beads 29. Hence the fluid-fluid interface may possess slip in velocity due to a fall in 
interfacial viscosity for polymers or due to the presence of surfactants. A number of recent 
 
 
 
studies deals with the effect of interfacial slip on the droplet dynamics 9,30–32. Ramachandran and 
Leal9 studied the effect of interfacial slip on the rheology and dynamics of a dilute emulsion of 
droplets suspended in linear flows. They showed that increase in the slip at the interface reduces 
both the droplet deformation as well as the effective viscosity of the emulsion. 
Recently, Vlahovska et al.  and Mandal et al.12,14 investigated the effect of surfactants on 
the deformation characteristics as well as the emulsion rheology of a dilute suspension of 
droplets in linear flows. However, there is no study available in the literature that puts forward 
the effect of interfacial slip on the dynamics of a surfactant-laden droplet. Surfactants at the 
droplet surface bring in alterations in the interfacial rheology that promotes the presence of 
interfacial slip, which is quite realistic in any multiphase system and is found to possess a 
significant effect on droplet dynamics 9,31. This is the prime objective of the present study. It is 
seen that interfacial slip induces a greater stability to the emulsion by reducing the droplet 
deformation brought about by the imposed linear flow. Also, it reduces the effective viscosity of 
the suspension. It is observed that there is a good match between our theoretical prediction and 
previously performed experiments when the effect of interfacial slip is taken into consideration 
in our analysis. For the limiting case of convection dominated surfactant transport, the influence 
of slip is found to be highly effective.   
  
II. THEORETICAL MODEL 
A. System Description 
 The present system consists of a neutrally buoyant Newtonian droplet (of radius a  and 
viscosity iµ ) suspended in another Newtonian fluid (of viscosity eµ ) in the presence of an 
imposed linear flow, namely, a simple shear flow or a uniaxial extensional flow. The density of 
either of the phases is taken to be .ρ  Surfactants are assumed to be insoluble in either of the 
phases, that is they are transported along the surface of the droplet. The subscript ‘i’ is used to 
indicate the phase inside the droplet whereas the subscript ‘e’ refers to the carrier phase. In the 
absence of any imposed fluid flow, the surfactant is uniformly distributed along the droplet 
surface with its concentration denoted by eqΓ  and the corresponding surface tension is denoted 
by eqσ . For the case of a surfactant-free system, we denote the equilibrium surface tension by 
cσ . Presence of imposed flow, however, disturbs this equilibrium due to initiation of fluid flow 
along the droplet surface. The resulting surfactant concentration and its corresponding surface 
tension are denoted by Γ  and σ  respectively. This variation of surface tension along the droplet 
surface gives birth to the Marangoni stress that has a significant role in altering the droplet 
dynamics12,13,33. In addition, the presence of interfacial slip renders the tangential component of 
 
 
 
velocity at the interface of the droplet discontinuous. The imposed linear flow, in general, is 
denoted by ∞u  and can be expressed as  
 ( ) ,∞ ∞ ∞= + ⋅u D xΩ  (1) 
where ∞D  and ∞Ω  are the velocity gradient tensor and the vorticity tensors respectively and x  is 
the position vector. For the case of a uniaxial-extensional flow, both the above tensors can be 
expressed as 9 
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whereas for imposed simple shear flow we have 9 
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where γ  is the rate of shear or extension. It should be noted that all the quantities bearing a ‘bar’ 
are dimensional quantities, whereas those without any ‘bar’ signify dimensionless quantities.  
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Fig. 1: Schematic of a surfactant-laden droplet of radius a  suspended in a linear flow. In fig. 
(a) the background flow is shown as a simple shear flow whereas in fig. (b) the imposed flow 
is displayed as a uniaxial extensional flow. Both spherical ( ), ,r θ ϕ  and cartesian coordinates 
( ), ,x y z  are shown, which are fixed to the centroid of the droplet.  
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A schematic of the of the physical system under consideration is shown in fig. 1. Figure 1(a) 
shows the case when the imposed flow is a simple shear flow, whereas in fig. 1(b) the droplet is 
suspended in an axisymmetric extensional flow. In either of the cases, the spherical coordinate 
( ), ,r θ ϕ  is attached to the centroid of the droplet. The primary aim of our study is to investigate 
the role played by interfacial slip on the deformation of a surfactant-laden droplet suspended in a 
linear flow under two limiting scenarios: (i) when surfactant transport is dominated by surface 
diffusion and (ii) when surface convection is the main mode of surfactant transport. In addition, 
we also analyze the effect of interfacial slip on the emulsion rheology for either type of linear 
flows. 
B. Governing equations and boundary conditions 
 Prior to stating the governing differential equations and relevant boundary conditions, we 
put forward some important assumptions required to simplify them so that they are analytically 
solvable. These assumptions include the following: (i) negligible fluid inertia so that the fluid 
flow hydrodynamics falls in the creeping flow or low Reynolds number regime 
( )2 1eRe aργ µ=   , (ii) small deviations from the spherical shape of the droplet, which is 
possible only when the interfacial tension along the droplet surface dominates the viscous forces 
acting on the droplet, thus indicating that the capillary number is low ( )* 1e cCa aµ γ σ=   .  The 
capillary number signifies the relative strength of the viscous force acting on the droplet as 
compared to the surface tension force along its interface. Some other assumptions are: (iii) the 
surfactants are considered to be insoluble in either of the phases and are transported along the 
droplet surface solely, (iv) for a dilute concentration of surfactants along the droplet surface, the 
surface tension is assumed to bear a linear relationship with the surfactant distribution, and 
finally (v) the droplet dynamics is assumed to be unaffected due to the presence of any bounding 
walls. 
 The flow field and the surfactant transport along the droplet surface are governed by the 
Navier-Stokes equation and convection-diffusion equation respectively. Under the premise of the 
above assumptions, the governing equation of flow field reduces to the Stokes equation which is 
subjected to kinematic and stress balance conditions at the interface. In addition, the flow field 
inside the droplet is bounded at the centroid and outside the droplet it satisfies the far-field 
condition given by the imposed flow. Due to the consideration of convection of surfactants along 
the surface of the droplet, the surfactant transport equation, which governs the surfactant 
concentration, is coupled with the flow field. We first specify the following scheme used to non-
dimensionalize the governing equations and boundary conditions: 
,r r a= ,aγ=u u  ,eqΓ = Γ Γ ,cσ σ σ= ( ) ,ep p µ γ=  ( )eµ γ= τ τ . The different non-
dimensional parameters and numbers that are obtained while deriving the non-dimensional 
governing equations and boundary conditions are (i) viscosity contrast or the viscosity ratio, 
 
 
 
( )i eλ µ µ=  defined as the ratio of the viscosity of the droplet phase to the carrier phase, (ii) the 
elasticity number ( )( )ref o c cRT d dβ σ σ σ= Γ = − Γ , which is an indicator of the sensitivity of 
the surface tension towards the surfactant concentration along the droplet interface, (iii) the 
surface Péclet number ( )2s sPe Daγ=   that signifies the relative importance of surfactant 
transport by convection in comparison to that by diffusion along the droplet surface, ( sD  is the 
surface diffusivity of the surfactants) (iv) the modified capillary number, ( )* 1Ca Ca β= − . The 
choice of such a modified capillary number is solely for the purpose of ease in calculation14. The 
modified capillary number is based on the equilibrium surface tension for a droplet uniformly 
coated with surfactants ( )1eq cσ σ β = −  . 
 With the aid of the above non-dimensional scheme, we now obtain the dimensionless set 
of governing differential equations and boundary conditions. The continuity and the Stokes 
equation that govern the flow, both inside as well as outside the droplet, can be written as 
 2, , ,0, ,i e i e i ep λ⋅ = − + ∇ =u u 0∇ ∇  (4) 
where ,i eu  is the velocity field and ,i ep  refers to the pressure field. The above set of equations 
are subjected to the following boundary conditions 
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where ( ), p∞ ∞u  are the non-dimensional velocity and pressure at the far-field. The dimensionless 
velocity at the far-field can be obtained from equation (1). Amongst the above set of equations, 
the boundary condition (i) ensures the fact that the flow field outside the droplet satisfies the far-
field condition which is set by the imposed flow. The boundary condition (ii) puts forward the 
boundedness of both the velocity and the pressure field at the centroid of the droplet. The rest of 
the boundary conditions (iii) are applied at the droplet surface ( )sr r= , where sr  is the radial 
position of the droplet interface. The first among them is the impermeability condition which 
signifies that either of the phases involved in the analysis is immiscible. The second boundary 
condition brings into picture the jump in the velocity field across the interface due to the 
presence of slip31,32. Here δ  is the slip coefficient that indicates the amount of the slip in 
 
 
 
velocity. The slip coefficient can be represented, from a microscopic point of view as i ihδ η= , 
where ih  is the thickness of the interface and iη  represents its viscosity
9,30. The final boundary 
condition in equation (5) is the stress balance along the interface.  
 The deformed droplet surface can be represented as ( )1 ,sr g θ ϕ= +  where ( ),g θ ϕ  
represents the correction to the spherical droplet shape. ( )s = − ⋅I nn∇ ∇  indicates the surface 
gradient tensor, where n is the unit normal drawn to the deformed surface of the droplet and can 
be expressed as F F=n ∇ ∇ . Here sF r r= =  represents the equation of the surface of the 
droplet. In the stress balance condition, ,i eτ  is the hydrodynamic stress tensor inside and outside 
the droplet, given by ( )Ti i i ip λ  = − + + I u uτ ∇ ∇ and ( )
T
e e e ep  = − + + I u uτ ∇ ∇
34. The stress 
balance condition in equation (5) is obtained as a result of substitution of following equation of 
state relating the surface tension with the surfactant concentration along the droplet interface 
13,14,35 
 1σ β= − Γ  (6) 
The above surface tension is non-dimensionalized with respect to the equilibrium surface tension 
of a droplet uniformly coated with surfactant, that is, ( )1eq cσ σ σ σ β σ= = −  13,14. It is thus 
obvious that 0 1β< < . The governing equation for the transport of surfactants along the 
interface, keeping in mind the insolubility of surfactants in either of the phases, is given by 
 ( ) 2 .s s s sPe ⋅ Γ = ∇ Γu∇  (7) 
The above equation is a simplified convection-diffusion equation for the special case of dilute 
concentration of surfactants on the droplet surface. While solving for the flow field and the 
surfactant concentration, it is important to check for the mass conservation of the surfactants 
along the droplet surface. This constraint for conservation of mass can be mathematically 
represented as follows 
 ( )
2
2
00
, sin 4 .sr d d
ππ
ϕ θ
θ ϕ θ θ ϕ π
= =
Γ =∫ ∫  (8) 
 On observing equations (4), (5) and (7), it can be inferred that the equations governing 
the flow field and the relevant boundary conditions are coupled with the governing equation for 
surfactant transport. In addition to this the shape of the deformed droplet is also unknown, which 
has to be obtained as a portion of the solution of the flow field. Hence an exact analytical 
solution for arbitrary values of Ca  and sPe  is impossible. To tackle this issue, we adopt an 
asymptotic methodology for small droplet deformation ( )1Ca   under the limiting case of 
 
 
 
surfactant transport primarily governed by surface diffusion ( )1sPe   and by surface 
convection ( )sPe →∞ 14,36. 
 
III. ASYMPTOTIC APPROACH 
 In the limiting case of low sPe , surface diffusion of surfactants is the primary mode of 
surfactant transport along the droplet interface. Since only small deformation of the droplet is 
taken into consideration, it is worthwhile to assume that ~sPe Ca  or  
 ,sPe kCa=  (9) 
where ( )1c e sk a Dσ β µ= −  is a finite constant of magnitude of ( )1O . This constant is known as 
the property parameter as it is dependent on different material properties. Thus it can be 
rightfully justified that the droplet deformation is a function of the parameters , ,k δ β and λ . 
The surfactant transport equation in the limiting case of 1sPe  , can be expressed as
14 
 ( ) 2 .s s skCa ⋅ Γ = ∇ Γu∇  (10) 
Since small deformation of the droplet is assumed, Ca  is thus an appropriate candidate for the 
perturbation parameter. Hence any flow field variable (say ψ) can be expanded in increasing 
powers of Ca  as follows14,36 
 ( ) ( ) ( )0 2 ,Ca Ca O Caψ ψ ψ= + +  (11) 
where ( )0ψ  is the leading order term corresponding to no deformation, whereas the term ( )Caψ  
signifies the ( )O Ca  correction term due to the presence of droplet deformation. Any other terms 
on the right indicate even higher order corrections to the flow variable due to shape deformation. 
Keeping in mind the total mass conservation constraint on the droplet surface in equation (8), the 
surfactant concentration is expanded in the following manner14 
 ( ) ( ) ( )0 2 31 .CaCa Ca O CaΓ = +Γ +Γ +  (12) 
All the flow variables involved are expressed in terms of spherical harmonics at each level of 
perturbation in our analysis. For instance, the surfactant concentration can be expressed as14,36 
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where ( ), cosn mP θ  represents an associated Legendre polynomial of order m and degree n. The 
constant coefficients, ,n mΓ  and ,ˆ n mΓ  are unknown and are found out as a part of the solution. In 
the present study, we take help of the Lamb's general solution for Stokes equation given in (4) 
for either of the phases involved. We follow the same methodology as was used by Mandal et 
al.14 to obtain the solution for the flow field and the surfactant concentration at each level of 
perturbation. The detailed expression of the Lamb's general solution for velocity and pressure 
field can be found in the same study. In order to first obtain the leading order solution, all the 
flow field boundary conditions at the undeformed droplet surface (kinematic and tangential stress 
balance condition) are solved simultaneously with the leading order surfactant transport 
equation. With the leading order solution at our disposal, we make use of the leading order 
normal stress boundary condition to obtain the ( )O Ca  correction to the shape. The tangential 
stress balance can be obtained from equation (5) and expressed in the following manner 14,34,36 
 ( ) ( ) ( ) ( ) ( )
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1s e i s
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where I  is the identity tensor and ( ) ( ) ( )
2
2 31 CaCasr Cag Ca g O Ca= + + +  is the radial position of 
the deformed surface of the droplet., where ( )O Ca  correction to the droplet shape is given by 
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Here ( ),
Ca
n mL  and 
( )
,
ˆ Ca
n mL  are unknown constant coefficients which can be found out from the normal 
stress balance. Thus with the leading order solution at our disposal, we make use of the leading 
order normal stress balance to obtain the O(Ca) correction in droplet shape. The normal stress 
balance, in general, can be expressed as 33,34,36 
 ( ) ( )at ,s e ir r Ca
σ
= ⋅ − ⋅ ⋅ ⋅n n n nτ τ = ∇  (16) 
In a similar manner ( )
2Cag  can be expressed in terms of spherical harmonics. With the aid of 
leading order solution for flow field and surfactant concentration as well as the ( )O Ca  shape 
correction, we solve for the ( )O Ca  flow field followed by the ( )2O Ca  shape deformation. The 
( )O Ca  solution is obtained by again simultaneously solving the flow field boundary conditions 
and the surfactant transport equation derived along the deformed droplet surface. We finally use 
the ( )O Ca  normal stress balance to obtain the ( )2O Ca  shape deformation of the droplet 
 
 
 
( )2Cag   
 which can be similarly be expressed in terms of spherical harmonics. For details of the 
asymptotic approach, one can refer to the work of Mandal et al.14.  
Under the limiting case of high surface Péclet number, the sole difference in the approach 
lies in the surfactant transport equation, which is given by 
 ( ) 0.s s⋅ Γ =u∇  (17) 
Instead of opting for the above approach to obtain the solution, one apply the limit k →∞  to all 
the solutions obtained in the previous limiting case. This is the strategy that we have followed to 
obtain the solution for the high sPe  limit. We now highlight the important results obtained from 
the analysis for the two different type of linear flows considered in this study, namely, uniaxial-
extensional flow and simple shear flow. 
A. Uniaxial Extensional flow 
 A schematic for the case when the imposed flow is a uniaxial-extensional flow, is 
provided in figure 1(b). The flow field and the surfactant concentration are solved at different 
orders of perturbation. As discussed before, the leading order surfactant concentration is obtained 
by simultaneously solving the flow field boundary conditions and the surfactant transport 
equation for the same order and can be expressed as 
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Substituting the leading order solution for flow field and surfactant concentration into the leading 
order normal stress balance (that can be derived from equation (16)), the ( )O Ca  correction to 
the droplet shape is obtained where the constant coefficients are as follows 
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The ( )O Ca  surfactant concentration ( )Ca Γ   which is obtained by simultaneously solving the 
surfactant transport equation and the flow field boundary conditions of the same order can be 
expressed as follows 
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where the expression for the constants ( ) ( ) ( ),0 ,0 , ,i ij j kα α β λ≡  [ ] [ ]( )1,5 for 2, 1,7 for 4i j i j∈ = ∈ =  
are provided in Appendix A. The ( )2O Ca  shape correction similarly obtained from ( )O Ca  
normal stress balance is provided below 
 
( ) ( ) ( )
( )
( ) ( ) ( ) ( )( )
( ) ( )
( )
( ) ( ) ( ) ( )( )
( ) ( ) ( ) ( )
2 2 2
2 2
1 2 3 4 1 2 3 43 2 3 2
2,0 2,0 2,0 2,0 4,0 4,0 4,0 4,0
3 25 6 5 6 7 8
2,0 2
2,0 2,0 4,0 4,0
2,
,0 4,0
0 4
4,0 4
,
0 4,
0
, 0
,
wh
25 15 
, ,
44
er
2
e
8 2 4
Ca Ca Ca
Ca Ca
g L P L P
L L
ω δ ω δ ω δ ω ω δ ω δ ω δ ω
ω δ ω ω δ ω ω δ ω
+ + + + + +
 + + +
= +
= =
   
   
 (21) 
where the constants, ( ) ( ) ( ),0 ,0 , ,i ij j kω ω β λ≡  [ ] [ ]( )1,6 for 2, 1,8 for 4i j i j∈ = ∈ =  in the above 
equation are presented in Appendix A.  
The deformed shape of the droplet can thus be expressed as 
 ( ){ } ( ) ( ) ( ){ }2 2 222,0 2,0 0,0 2,0 2,0 4,0 4,01 ,Ca Ca CaCasr Ca L P Ca L L P L P= + + + +  (22) 
where ( )
2
0,0
CaL  is present to take care of the volume conservation constraint, that is mathematically 
given by 14 
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Using the above constraint, it can be found out that equation (22) is satisfied only when  
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For the limiting scenario of surface-convection-dominated surfactant transport ( k →∞ ), the 
different constant coefficients present in the expression of the droplet shape (equation (22)) are 
given by 
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As can be seen from the above expression, interfacial slip has quite an impact on the droplet 
deformation in the high surface Péclet number limit although the same is independent of the 
surfactant distribution. The droplet deformation can be quantified in terms of a deformation 
parameter, ,feD  which for a uniaxial-extensional flow can be expressed as 
9,14 
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where the above expression when expanded in a binomial series takes the following form 14 
 ( ) ( ) ( ) ( ){ }2 2 2 2 22,0 4,0 2,0 2,03 5 3 3 .4 16 4 16Ca Ca CaCafeD L Ca L L L Ca
  = + + −   
   
 (27) 
B. Simple shear flow 
For the case of an imposed shear flow, both the shape deformation as well as the surfactant 
concentration are obtained using a similar approach. Hence only the important results are 
highlighted below.  
The leading order ( )O Ca  surfactant concentration obtained by simultaneously solving 
the flow field boundary conditions and surfactant transport equation of the respective orders of 
perturbation are provided below 
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The expressions of the constant coefficients, ( ) ( )1 52,0 2,0 ,ζ ζ−
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present in equation (29) are given in Appendix B. The deformed shape of a droplet suspended in 
a simple shear flow can be represented by  
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where the constant coefficients in the above equation are provided below 
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where the expressions of the constants, ( ) ( )1 62,0 2,0 ,ξ ξ−
( ) ( )1 5
2,2 2,2 ,ξ ξ−
( ) ( )1 8
4,0 4,0ξ ξ− and 
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4,4 4,4ξ ξ− , present in 
(32)  are given in Appendix B. The term ( )
2
0,0
CaL  in equation (30) takes care of the volume 
conservation constraint [equation (23)] and is given by 
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In the limiting case of surface-convection dominated surfactant transport ( )k →∞ , the respective 
constants present in the expression of the droplet shape [equation (30)] are given by 
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The deformation parameter for the case of an imposed shear flow used to represent the 
magnitude of the droplet deformation along the shear plane ( )2θ π=  can be expressed as 9 
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The inclination angle ( )dϕ  of a droplet suspended in a shear flow is also a parameter of interest, 
that has been previously investigated in several studies12–14. The magnitude of the inclination 
angle for any particular value of θ  is equal to ϕ  corresponding to the maximum value of sr .  
 
IV. SUSPENSION RHEOLOGY 
 We now investigate how interfacial slip is responsible for altering the effective viscosity 
of a dilute suspension of surfactant-laden droplets in either type of linear flows considered. A 
dilute emulsion of droplets can be expressed as 1φ  , where φ  is the volume fraction of the 
droplet phase. With the leading order and ( )O Ca  flow fields at hand, we aim at finding out the 
( )O φ  and ( )O Caφ  correction in the effective viscosity of the suspension. Following Batchelor, 
the volume averaged suspension stress of a dilute emulsion of force-free particles can be 
expressed as 9,37 
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where  ∞D  has been defined previously in equations (2) and (3) and S  is a symmetric stresslet 
that indicates the change in total stress induced due to the presence of a droplet in the flow field. 
The stress can be mathematically represented as 9 
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The effective extensional viscosity or the Trouton viscosity of a dilute emulsion of surfactant-
laden droplets suspended in a uniaxial extensional flow is given by 
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where all the unknown constants are provided in Appendix C. It should be noted that for a 
surfactant-free droplet or on substitution of 0β =  in equation (38), we obtain exactly the same 
expression for non-dimensional Trouton viscosity as was derived by Ramachandran and Leal in 
their study 9. The effective extensional viscosity for the limiting scenario of surface convection-
dominated surfactant transport is provided below 
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For the case of imposed simple shear flow, the effective viscosity of the dilute suspension, for 
the limiting scenario of 1sPe  , is expressed as 
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From the above expression, it can be seen that there is no effect of shape deformation on the 
effective viscosity till ( )O Ca . The first and second normal stress differences ( )1 2andN N  are 
next provided below 
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where unknown constants, ( )ijϖ  [ ] [ ]( )1,5 for 1, 1,6 for 2i j i j∈ = ∈ =  appearing in equation (41) 
are given in Appendix C. Again, in the limiting scenario of k →∞ , the effective viscosities and 
the normal stress differences are obtained as 
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V. RESULTS AND DISCUSSIONS 
A. Droplet deformation 
1. Uniaxial extensional flow 
 The theoretical results, thus obtained for the limiting case of low surface Péclet number, 
are first validated against the results from the experimental study performed by Hu and Lips 20. 
In this study, Hu and Lips investigated the effect of surfactant distribution along the interface of 
the droplet deformation. They used Polydimethylsiloxane as the suspending phase and 
Polybutadiene as the dispersed phase. In fig 2, we have compared our theoretical prediction with 
the experimental results reported in fig 3(a) of their paper. They have provided the experimental 
data corresponding to different values of surfactant coverage on the droplet surface. In their 
study, Hu and Lips have not taken into account the effect of interfacial slip on droplet 
deformation. On the contrary, the deformation parameter, defined for uniaxial extensional flow 
in equation (27), is plotted as a function of Ca  corresponding to a finite value of the slip factor 
( )0.5δ =  in fig. 2. As there is no specific mention of the values of  k or β  in the work by Hu 
and Lips, we take the freedom to choose typical values of k  and β  for commercially available 
surfactants, that is 0.5,β = and 2.k = The deformation parameter based on both ( )2O Ca  and 
( )O Ca  shape corrections of the droplet are plotted. It can be seen from fig. 2 that there is a 
 
 
 
pretty good match between the ( )2O Ca  theoretical prediction and the experimental results of Hu 
and Lips20 in the low capillary number regime ( )0.1Ca ≤  whereas for higher values of Ca , the 
analytical results are seen to deviate from the experimental results. 
 
 In order to show the effect of interfacial slip on droplet deformation, we plot deformation 
parameter ( )feD  as a function of the dimensionless slip factor for different values of and kβ  in 
fig. 3. In either of the plots it can be observed, that irrespective of any value of or kβ , the 
droplet deformation always reduces with increase in the interfacial slip. Fig. 3(a) shows the 
variation of feD as a function of δ  (under the limiting case of low sPe ) for different values of 
the elasticity parameter, β  ( )0.1,0.4,0.8= . Although there is a monotonous decrease in droplet 
deformation with rise in interfacial slip, the rate of reduction of droplet deformation or the 
influence of slip on the same becomes increasingly insignificant for lower values of β . Another 
important observation that can be made from fig. 3(a) is that higher values of δ  render any 
influence of β  on droplet deformation, ineffective. That is, for larger interfacial slip, rise in 
droplet deformation due to increase in β  is relatively low as compared to the increase for low 
values of δ .  
Fig. 2: Variation of ( )O Ca  and ( )2O Ca  deformation parameter with Ca, when the droplet is 
suspended in a uniaxial extensional flow. The above plot is shown for the limiting case of 
1sPe  . The marker points in the plot denote the experimental data for different surfactant 
coverage as extracted from fig. 3(a) of Hu and Lips 20. The different parameter values taken 
for the above plot are 2.3,λ = 0.5,β = 2,k = and 0.5δ = . 
 
 
 
  Figure 3(b) shows the variation of the droplet deformation as function of δ  for different 
values of the property parameter ( )1,2,3k = . It can be seen that for any particular value of δ , 
the droplet deformation is enhanced with an increase in k , which is similar to the behavior as 
reported by Mandal et al. 14. Analogical to the previous case (fig. 3(a)), the effect of k  gradually 
becomes insignificant with increase in δ . The role played by droplet viscosity or the viscosity 
ratio ( )λ  on droplet deformation can be understood on comparison of figures 3(a) and 3(c) as 
well as figures 3(b) and 3(d). In both figures 3(c) and 3(d), the variation of feD  is shown as a 
function of δ  for different values of β  and k , respectively, for the particular case of 1λ =  as 
compared to figures 3(a) and 3(b) where 0.1λ = . It can be inferred from figure 3 that increase in 
(a) (b) 
(c) (d) 
Fig. 3: Variation of ( )2O Ca  deformation parameter with δ  for different values of k  and β  
(under the limiting case of low sPe ), when the droplet is suspended in a uniaxial extensional 
flow. The inset in fig. (a) shows the corresponding variation for the high sPe  limit. In fig. (a) 
0.1λ = , 1k =  and 0.1,0.4,0.8β = , in fig. (b) 0.1λ = , 0.5β =  and 1, 2,3k = , in fig. (c) 
1λ = , 1k =  and 0.1,0.4,0.8β =  and in fig. (d) 1λ = , 0.5β =  and 1,2,3k =  . The value of 
Ca  is taken as 0.1. 
 
 
 
λ  is always accompanied by an increase in the rate of decrease of droplet deformation with rise 
in the slip factor, δ . In other words, higher values of λ  ensures higher effectiveness of 
interfacial slip towards reducing droplet deformation. 
 
 To provide a physical explanation regarding the nature of variation of droplet 
deformation, we look into how the distribution of surfactants along the droplet surface is affected 
by interfacial slip. It should be noted that the presence of slip results in a discontinuity in the 
interfacial fluid flow velocity across the droplet surface. The fluid flow inside the droplet thus 
reduces in comparison to that outside the droplet which in turn results in a fall in the flow 
strength along the interface. Thus the surfactant transport along the droplet surface gets 
hampered due to the presence of interfacial slip. In other words, the asymmetry in surfactant 
distribution along the droplet surface as a result of the imposed linear flow is reduced due to the 
presence of interfacial slip. This behavior can be seen in figures 4(a) and 4(b), where the effect 
of δ  on the surfactant distribution along the droplet surface is shown for 1k =  and 2k =  
respectively. It can be seen that the presence of imposed uniaxial extensional flow results in a 
lower concentration of surfactants at the equatorial position of the droplet whereas there is a high 
concentration of surfactants at the poles. However, as discussed earlier, the imposed flow 
induced asymmetry in surfactant concentration is opposed by the interfacial slip which reduces 
any surfactant transport. Thus increase in interfacial slip decreases the gradient in surfactant 
concentration ( )max minΓ −Γ  which is accompanied by a fall in the surface tension gradient along 
the droplet surface. This signifies a reduction in the net Marangoni stress, responsible for droplet 
deformation. The above discussion provides a clear explanation regarding the decrease in droplet 
deformation with rise in δ . On further increase in δ , the interfacial flow strength reduces, and 
(b) 
Fig. 4: Variation of surfactant concentration ( )Γ  along the droplet surface for different values 
of δ  under the limiting scenario of low sPe . Fig. (a) is plotted for 1k =  whereas for fig. (b) 
we take 2k = . The other parameter values used for the plot are 0.5,λ = 0.1,β = and 
0.1Ca = . 
(a) 
 
 
 
any rise in droplet deformation due to increase in k  or β  becomes gradually insignificant (fig. 
3). On comparison of fig. 4(a) with 4(b), it can be seen that for any particular value of δ , 
max minΓ −Γ  increases with rise in k  which indicates a corresponding increase in the Marangoni 
stress. Thus for a constant δ , droplet deformation increases with k . A similar behavior is also 
seen for the case increase in β . This can be observed from fig. 3 as well. Finally, for a higher 
droplet viscosity as compared to the carrier phase, the interfacial tension gradually becomes 
independent of the surfactant distribution. This, in turn, decreases the Marangoni stress, which 
accompanied by the presence of interfacial slip results in a higher rate of reduction in droplet 
deformation, as seen from figures 3(a) and 3(c) 
 
 For the limiting case of high sPe , surfactant transport along the droplet surface is mainly 
due to interfacial convection rather than diffusion. Hence, under this limit, the Marangoni stress 
developed is larger ensuring a larger droplet deformation. The effect of interfacial slip on droplet 
deformation is also higher in this limiting scenario, as surface convection is the sole mode of 
surfactant transport. It can be inferred from the expressions of the constants in equation (25) that 
droplet deformation is solely dependent on interfacial slip. Thus for the same increase in δ , 
there is a larger decrease in droplet deformation for this limit as compared to the case of 
1sPe  . This is evident from the inset in fig. 3(a). 
 We, now, take a look at the droplet shape with and without the presence of interfacial slip 
for both the limiting cases based on the mode of surfactant transport. Figure 5(a) shows the shape 
(a) (b) 
1sPe   1sPe   
Fig. 5: Deformed shape of the droplet with and without the presence of interfacial slip 
( )0,1δ = . Fig. (a) is plotted for the limiting case of 1sPe   ( )2k = , whereas fig. (b) is for 
the limiting case of 1sPe   ( )k →∞ . The parameter values used for the plot are 
0.5,λ = 0.7β =  and 0.1Ca = . 
 
 
 
of the droplet in the presence an imposed uniaxial extensional flow for 0δ =  and 1 under the 
limiting case of low sPe . Figure 5(b), on the other hand, shows the deformed droplet shape for 
the limiting scenario of high sPe . The droplet, in the presence of the uniaxial extensional flow, is 
found to get elongated into a prolate shape with the major axis along with the axis of extension. 
Clearly from fig. 5(a) as well as 5(b), presence of interfacial slip results in a reduced deviation 
from the original spherical shape of the droplet. On comparison of both fig. 5(a) and 5(b), it can 
be stated that for the same rise in interfacial slip, there is a lower droplet deformation for the 
limiting case of 1sPe  . 
2. Simple shear flow 
 We, now, discuss the results obtained for the case when the droplet is suspended in a 
simple shear flow. Towards validating our theoretical prediction for the limiting case of low 
surface Péclet number, we compare our results with that obtained by Feigl et al. in their 
experimental study 23. We show the variation of the shape parameters ,L B  and W  as a function 
of Ca  in fig. 6 and compare them with the experimental data extracted from fig. 4 of the work 
done by Feigl et al. 23.  
 
These parameters, which determine the magnitude of droplet deformation can be defined for the 
case of an imposed shear flow as 
Fig. 6: Variation of ( )2O Ca  solution for the normalized deformation parameters: ,L a  
B a and W a , with Ca. The lines indicate our theoretical prediction while circular, square 
and triangular marker points denote the experimental results for ,W a  B a and L a  
respectively, as extracted from fig. 4 of Feigl. et. al.23. The values of the other parameters are 
0.5,δ =  0.8,β = 1k =  and 0.335.λ =  
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As can be seen from fig. 6, there is a pretty good match between our ( )2O Ca  theoretical 
prediction and the experimental results for all the parameters ( ), ,L B W . 
 We next put forward the variation of the droplet deformation parameter ( )fsD  as a 
function of the interfacial slip factor, δ  for different values of k  in fig. 7. The effect of change 
in β  on fsD  follows the same trend as is shown by any variation in k . It is observed from fig. 7 
that the droplet deformation reduces due to increase in δ  for a constant value of k . Interfacial 
slip reduces the imposed shear flow induced interfacial fluid flow and hence the surfactant 
transport decreases thus reducing the gradient in surfactant concentration ( )max minΓ −Γ  across 
the droplet surface. This is evitable from fig. 8. 
 
Figure 8 shows the variation of the surfactant concentration along a transverse plane ( )3 4ϕ π=  
for different values of the interfacial slip parameter. The surfactant induced Marangoni stress 
thus decreases with increase in interfacial slip. Hence a decrease in the droplet deformation with 
Fig. 7: Variation of ( )2O Ca  deformation parameter ( )fsD  as a function of δ , for a droplet 
suspended in a simple shear flow. The above plot is done for different values of ( )1,3,5k =  
for the limiting case of low sPe . The values of the other parameters involved are 
0.5,β = 2,θ π= 0.1Ca =  and 2.λ =  
 
 
 
rise in interfacial slip is expected. For an imposed simple shear flow, however, the rise in 
deformation due to increase in either β  or k   is quite low for any constant value of δ  (see fig. 
7). The influence of viscosity ratio on droplet deformation in presence of interfacial slip remains 
the same as in the case of a uniaxial extensional flow and hence not highlighted here. 
 
 We next look into the variation of the inclination angle and how it is affected by the 
presence of interfacial slip. The inclination angle, dϕ , for any particular value of θ  can be 
obtained from the magnitude of L , which is the droplet dimension measured along the axis of 
applied shear. Figure 9 shows the variation of inclination angle as a function of Ca  with and 
without the presence of interfacial slip ( )0,1δ = . It is seen that presence of slip at the droplet 
surface, reduces the inclination angle. The effect of interfacial slip is however prominent at 
higher values of Ca . With increase in Ca , on the other hand, there is a monotonous fall in dϕ . 
We have also provided a comparison of our theoretical result for inclination angle with the data 
extracted from the experimental study by Feigl et al 23. As seen, there is a better match between 
the theoretical and experimental results when interfacial slip is taken into consideration. 
Fig. 8: Variation of surfactant concentration along a transverse plane ( )3 4ϕ π=  for different 
values of δ ( )0,0.5,1= . The above plot is shown for the case a droplet suspended in a simple 
shear flow under the limiting case of low sPe . The values of the other parameters involved 
are 1,k =  0.5,β = 0.1Ca =  and 0.5.λ =  
 
 
 
  
 In the limiting case of surface convection driven surfactant transport or the high surface 
Péclet number limit, the interfacial slip is highly effective in reducing the droplet deformation as 
compared to the other limiting case of low sPe . This is evident from fig. 10, where we have 
Fig. 9: Plot displaying the variation of the droplet inclination angle ( )dϕ  as  a function of Ca  
for the case of low sPe . The square marker points denote the experimental data as extracted 
from the work of Feigl et al. 23. The values of the different parameters involved are 5,k =  
0.5β =  and 6.338.λ =  
Fig. 10: A comparison of the variation of deformation parameter ( )fsD  of a droplet 
(suspended in a simple shear flow) with δ  between the two limiting case of high and low 
sPe . The values of the other parameters involved are 1k =  (for low Pes limit) 
0.5,β = 2,θ π= 0.1Ca =  and 0.5.λ =  
 
 
 
compared the decrease in droplet deformation between the two limiting cases of high and low 
sPe for the same increase in δ . The other different parameters used for this plot are provided in 
the figure caption. 
 The above observation can also be made from the deformed droplet shape under the two 
limiting cases as shown in fig. 11(a) and 11(b). For each of the limiting cases, the droplet shape 
is shown with and without the presence of any interfacial slip. Presence of slip in either case, 
prevents the droplet from deviating from its spherical shape. The droplet is seen to elongate 
along the axis of imposed shear and has a finite inclination angle that depends on the imposed 
shear rate as well as on the magnitude of the interfacial slip. For the limiting case of high sPe , 
the droplet inclination angle is seen to vary in almost a similar way as observed for the limiting 
case of low sPe . It can also be seen that droplet deformation is more severely affected due to the 
presence of slip for the case of an imposed uniaxial- extensional flow as compared to the case of 
simple shear flow. 
 
B. Suspension Rheology 
1. Uniaxial extensional flow 
 We now look into the effect of interfacial slip on the effective viscosity of a dilute 
emulsion of droplets in a uniaxial extensional flow. The expression for the dimensionless 
effective extensional viscosity is provided in equation (38) and is found to match exactly with 
(a) (b) 
Fig. 11: Deformed droplet shape with and without the presence of interfacial slip ( )0,1δ = . 
Fig. (a) is plotted for the limiting case of 1sPe   ( )2k = , whereas fig. (b) is for the limiting 
case of 1sPe  . The parameter values used for the plot are 0.5,λ = 0.7β =  and 0.15Ca = . 
1sPe   1sPe   
 
 
 
the expression provided by Ramachandran and Leal 9 in their work for the special case of a 
surfactant-free droplet. Presence of particles or droplets present in any emulsion always enhances 
its effective extensional viscosity due to the resistance offered by them against the imposed flow 
9. It has been shown in previous studies that for a clean droplet, this resistance is enhanced with 
increase in droplet viscosity which results in a rise of effective viscosity 9,14. For the case of a 
surfactant-laden droplet the surfactants get redistributed along the droplet surface due to the 
imposed flow and hence a Marangoni stress develops due to the variation of surface tension 
along the interface. This Marangoni stress further increases the resistance to the bulk flow and in 
turn enhances the effective extensional viscosity 14. The presence of interfacial slip, however, has 
a negative effective on the effective viscosity or the Trouton viscosity as can be seen from fig. 
12, where we have shown the variation of normalized Trouton viscosity ( )3ext eµ µ φ−  with the 
dimensionless slip factor ( )δ  for different values of k . Presence of slip at the interface, reduces 
the fluid flow and hence the nonuniformity in surfactant distribution. The surfactant-induced 
Marangoni stress, as a result, thus reduces which thus decreases the overall resistance provided 
by the droplets. The effective viscosity, hence for any particular value of k , decreases which can 
be observed from fig. 12. Increase in k , for a constant value of slip, results in an increase in the 
surface convection of surfactants. Thus the Marangoni stress increases followed by a rise in the 
effective viscosity. However, such a rise is rendered ineffective at high values of δ , where any 
increase in Marangoni stress, due to increase in ( )ork β , is dominated by the reduction in 
interfacial fluid flow due to the presence of slip. A similar rise in the effective viscosity is also 
observed due to increase in β  and λ  for any constant value of δ . 
 
Fig. 12: Variation of normalized effective extensional viscosity with δ  for different values of 
the property parameter, k . The inset in the above figure shows the variation for the limiting 
case of high sPe . The different parameter values used are 0.5,λ = 0.75β =  and 0.05Ca = . 
 
 
 
 For the limiting case of high surface Péclet number, surface convection is the main mode 
of surfactant transport along the interface and hence interfacial slip has a significantly larger 
effect on the effective viscosity. It can be observed from the inset of fig. 12 that under this limit, 
there is a greater fall in the effective viscosity for the same increase in the interfacial slip.  
2. Simple shear flow 
 The expression for the non-dimensional form of effective viscosity of a dilute suspension 
of droplets in a shear flow is provided in equation (40). From the expression it is evident that it is 
independent of droplet deformation and at the same time exhibits a similar behavior due to 
variation in interfacial slip, as was observed for the case of a uniaxial extensional flow. However, 
deformation of a droplet in a shear flow generates normal stress differences, 1N  and 2N , which 
gives rise to a non-Newtonian behavior of the emulsion38. Towards highlighting the effect of 
interfacial slip on both 1N  and 2N , we plot the variation of the normalized normal stress 
differences ( )1 2,N Nφ φ  as a function of δ , for different values of k  in fig. 13(a) and 13(b) 
respectively. 
 
It can be seen from fig. 13(a) and 13(b) that 1N  increases while 2N  reduces due to increase in k  
for a particular value of δ . The positive sign of 1N  is due to the tensile component of the surface 
tension that acts along the axis of shear, whereas the negative sign of 2N  indicates compressive 
stresses that act on the droplet along the gradient direction.  
(a) (b) 
Fig. 13:Variation of the normalized first and second normal stress differences ( )1 2,N Nφ φ  
with δ  for different values of k ( )1, 2,3= . The inset in both fig. (a) and (b), shows the 
corresponding variation for the limit of high surface Péclet number. The other parameter 
values used are 0.1,λ = 0.4β =  and 0.1Ca = . 
 
 
 
 On a careful analysis of fig. 13(a), we observe that increase in slip at the interface results 
in a decrease in the first normal stress difference, 1N . The magnitude of 1N  is directly dependent 
on the tensile force acting on the droplet in the direction of shear. While the presence of 
surfactants, on one hand, enhances the tensile force due to the generation of Marangoni stress, 
the presence of slip, on the other hand, reduces the magnitude of the Marangoni stress by 
weakening the interfacial fluid flow. This leads to a decrease in 1N  with increase in δ . On the 
contrary, for 2N , increase in δ  is accompanied by an increase in compressive force along the 
gradient direction due to redistribution of surfactants. This results in a rise in the magnitude of 
2N , although it has a negative behavior, as seen in fig. 13(b). On comparison between fig. 13(a) 
and 13(b), it can be observed that the behavior of 2N  is just opposite in nature as exhibited by 
1N . Also, the influence of k  on either of 1N  and 2N  gradually becomes insignificant with an 
increase in slip, due to reasons specified above. Increase in β  increases the sensitivity of surface 
tension towards surfactant distribution and hence a similar nature of variation of the normal 
stress differences ( )1 2,N N  due to change in β  is expected. For a droplet with higher viscosity, 
interfacial effects due to alteration of both slip and surfactant concentration become insignificant 
and hence major changes in 1 2,N N  occur in the regime of low viscosity ratio ( )λ  9,14. It is 
worthwhile to mention that, change in magnitude of 1N  (due to variation of β  or k ) is much 
larger as compared to a change in 2N  for the same variation in .δ  
 For the other limiting scenario of high sPe , the effect of slip is observed to be much more 
pronounced as compared to the limiting case of low sPe . The total decrease in 1N  due to the 
same increase in δ  is much more enhanced as surface convection is the main mode of surfactant 
transport. This is evident from the inset in fig. 13(a) which shows the variation in 1N  as a 
function of slip. The variation of 2N  with δ , on the contrary, is found to be different altogether 
(refer to the inset of fig. 13(b)). The magnitude of 2N , for this limiting case, is found to decrease 
with increase in δ . As surfactant transport is more severely affected in this limit due to the 
presence of slip, both the tensile as well as the compressive components of force acting on the 
droplet reduces which explains the decrease in the magnitude of first and second normal stress 
differences ( )1 2,N N .  
VI. CONCLUSION 
 In this study, we have analyzed the effect of interfacial slip on droplet deformation as 
well as on the emulsion rheology of a dilute suspension of droplets. Presence of nonlinearity in 
the system due to consideration of droplet deformation as well as because of the coupled 
boundary conditions for the flow field and surfactant transport, an exact solution is not possible 
 
 
 
for arbitrary values of sPe  or .Ca  Hence a regular perturbation methodology was adopted with 
Ca as the perturbation parameter to investigate the small-deformation regime. The present 
analysis was performed for two different limiting scenarios, namely, high and low sPe  limit. 
Although a number of assumptions were made to simplify the problem at hand, never the less, a 
good match was obtained between our theoretical prediction and the experimental and theoretical 
results of previous studies. So without exerting any high computational costs, an exact solution 
was obtained for the limiting cases and a good enough prediction regarding the dynamics of the 
droplets was possible outside this limiting regime. The results obtained from this analysis put 
forward some interesting outcomes, which are provided below 
(i) Presence of interfacial slip always reduces any deformation of a surfactant-laden droplet 
suspended in a linear flow (simple shear or a uniaxial extensional flow). The effect of 
nonuniform surfactant concentration ( ),k β  is seen to be more pronounced for lower values 
of interfacial slip. 
(ii) For the limiting case of high sPe , a larger decrease in the droplet deformation was observed 
for the same rise in δ .  
(iii) For the same rise in interfacial slip, there is a smaller droplet deformation when the droplet 
is suspended in a simple shear flow as compared to the case of bulk uniaxial extensional 
flow.  
(iv) For the limiting case of low sPe , the effective extensional (or shear) viscosity of a droplet 
suspended in a uniaxial extensional flow (or a simple shear flow) always reduces on account 
of an increase in the slip at the droplet surface. The role of nonuniform surfactant 
distribution in increasing the effective viscosity gradually becomes ineffective with an 
increase in δ . For the other limiting case of sPe →∞ , the rate of fall of effective viscosity 
of the emulsion due to rise in δ  is enhanced. 
(v) The normal stress differences ( )1 2,N N  are present when the droplet is suspended in a 
simple shear flow. In the limiting case of low sPe , 1N  is seen to decrease with increase in 
δ  whereas the magnitude of 2N  is found to increase. For the other limiting scenario of high 
sPe , the magnitude of both 1N  and 2N  is seen to reduce with δ . 
Appendix A: Expressions of the constants present in ( )O Ca  surfactant 
concentration and shape deformation [in equations (20) and (21)] when the 
background flow is uniaxial extensional flow 
 
 
 
The constants present in the expression of ( )O Ca  surfactant concentration in equation (20) are 
provided below 
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The constants in the expression for ( )2O Ca  shape correction of the droplet [equation (21)] are 
given by 
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Appendix B: Expressions of the constant coefficients present in ( )O Ca  surfactant 
concentration and shape deformation (equation (29) and (32)) for the case of a 
simple shear imposed flow 
 
 
 
The constants present in the expression of ( )O Ca  surfactant distribution on a droplet when 
suspended in a simple shear flow [equation (29)] are given below 
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The constants present in the expression of ( )2O Ca  shape correction in equation (32) are 
provided below 
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Appendix C: Expressions of the constants present in equations (38) and (41)  
 
 
 
The constants present in the expression of the effective Trouton viscosity in equation (38) are 
provided below 
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The constants present in the expression for the normal stress differences, 1N  and 2N  in equation 
(41) are provided below 
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